OBJECTIVE: Waist circumference is directly related to all-cause mortality when adjusted for body mass index (BMI). Body fat and fat-free body mass, when mutually adjusted, show with increasing values an increasing and decreasing relation to all-cause mortality. We investigated the association of waist circumference and body composition (body fat and fat-free mass), mutually adjusted, to all-cause mortality. DESIGN: A Danish prospective cohort study with a median follow-up period of 5.8 y. SUBJECTS: In all, 27 178 men and 29 875 women, born in Denmark, aged 50-64 y, and without diagnosis of cancer at the time of invitation. MEASUREMENTS: Waist circumference and body composition estimated from impedance measurements. Cox's regression models were used to estimate the mortality rate ratios (RR). RESULTS: Waist circumference was strongly associated with all-cause mortality after adjustment for body composition; the mortality RR was 1.36 (95% confidence intervals (CI): 1.22-1.52) times higher per 10% larger waist circumference among men and 1.30 (95% CI: 1.17-1.44) times higher among women. Adjustment for waist circumference eliminated the association between high values of the body fat mass index (BFMI) and all-cause mortality. The association between fat-free mass index (FFMI) and mortality remained unaltered. CONCLUSION: Waist circumference accounted for the mortality risk associated with excess body fat and not fat-free mass. Waist circumference remained strongly and directly associated with all-cause mortality when adjusted for total body fat in middleaged men and women, suggesting that the increased mortality risk related to excess body fat is mainly due to abdominal adiposity.
Introduction
The combination of waist circumference and body mass index (BMI) has been implemented in clinical guidelines, [1] [2] [3] but the acceptance in clinical practice, and the evidence for its utility, have been questioned. 4, 5 However, the combination of waist circumference and BMI explains a greater part of the variance in nonabdominal, abdominal, and visceral fat than each measure alone, 6 and within a given BMI category, an increased cardiovascular risk is more likely in individuals with large than with small waist circumferences. 7 Therefore, BMI and waist circumference may indicate different aspects of health risks associated with obesity. We have previously reported a strong association between waist circumference and all-cause mortality after adjustment for BMI. A 10% larger waist circumference corresponded to a 1.48 (95% confidence intervals (CI): 1.36-1.61) times higher mortality, over the whole range of waist circumference in both men and women. 8 For a given waist circumference, we found that the mortality declined by increasing BMI in its lower range, whereas in the upper part of the BMI range, there was no relation to mortality. 8 Another analysis showed that the mortality increased by increasing body fat mass, except at a very low level of fat mass, and that the mortality declined by increasing fat-free mass in its lower range with no relation in its upper range. 9 Taken together, these results suggest that the effect of excess fat mass on mortality might be entirely accounted for by the waist circumference. In the present study, we addressed this question by investigating the associations between all-cause mortality and the combination of waist circumference, body fat mass index (BFM/height 2 , BFMI), and fat-free mass index (FFM/height 2 , FFMI), and comparing these associations with those of the combination of waist circumference and BMI.
Population and measurements
From December 1993 to May 1997, a total of 160 725 persons were invited to participate in the Danish follow-up study 'Diet, Cancer and Health'. Potential participants were aged 50-64 y, born in Denmark, and inhabitants of the greater Copenhagen or Aarhus areas with no former diagnosis of cancer registered in the Danish Cancer Registry at the time of invitation. In all, 27 178 men (33.6% of total number eligible) and 29 875 women (37.5% of total number eligible) participated, representing 7% of the entire Danish population in this age group. The study was conducted in accordance with Helsinki Declaration II and approved by the Ethical Committees on Human Studies for the Copenhagen and Aarhus municipalities.
Anthropometry
All anthropometric data were collected at two study clinics situated in Aarhus and Copenhagen. Trained laboratory technicians obtained all measurements. Height was measured with the participants standing without shoes and was recorded to the nearest half centimeter. Weight was measured by a digital scale with the participants wearing light clothing or underwear and was recorded to the nearest 100 g. Waist circumference was measured at the narrowest part between the lower rib and the iliac crest (the natural waist) or, in case of an indeterminable waist narrowing, halfway between the lower rib and the iliac crest, and was recorded to the nearest half centimeter.
Body composition
Measurements of bioelectrical impedance were obtained using a BIA 101-F device (Akern/RJL, Florence, Italy) with the participant lying relaxed on a couch (arms and legs were not in contact with other body parts). Legs were approximately 451 apart and arms were 301 from the torso. Sensing electrodes were placed over the wrist and over the ankle, and current electrodes over the metacarpals or metatarsals. Reliability and validity of the impedance method has been investigated in a Danish population, aged 35-65 y, using a four-compartment model with potassium counting and dilutometry as reference. 10 Sex-specific equations developed in that study were used to estimate fat-free mass. 10 The equations showed standard error of the estimate of 4.2 kg in men and 2.9 kg in women, 10 which are within the same range as reported for other equations (2.06-3.6 kg). 11 The medians of fat-free mass were 60.6 kg in men and 44.1 kg in women in this study. Indices of body fat and fat-free mass were used as suggested by Van Itallie because they sum to BMI. 12 Further, the two indices represent joint but opposite risk functions with mortality corresponding to the U-shaped association of BMI with mortality as suggested by Baumgartner et al.
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Smoking
Smoking variables were obtained from a lifestyle questionnaire completed at the study clinics. Questionnaires were scanned immediately, and missing answers were filled out during an interview at the clinic. Information about smoking status (current, recent, past, and never), smoking duration (years), current tobacco consumption (grams/day), and time since smoking cessation (years) was used. Recent smoking, defined as smoking cessation within the last year, was examined as a separate category for smoking status, because we considered these participants at high risk for resuming smoking. Current tobacco consumption was calculated in grams per day using conversion factors of 1 (cigarettes), 4.5 (cigars), and 3 (cheroots or pipe).
Exclusion criteria
A small proportion of the participants had to be excluded because of late diagnosis of cancer as reported earlier. 8 Further, participants with missing or implausible values of the variables used had to be excluded leaving a total of 55 774 participants (98%) eligible for analyses: 26 587 men and 29 187 women.
All-cause mortality All-cause mortality was the end point in the study. Dates of emigration or disappearances, and vital status were obtained through 31 December 2001 through record-linkage to the Civil Registration System, using the unique personal identification number assigned to each inhabitant of Denmark. The Danish National Patient Registry was used to define subsets of participants according to disease history 5 years prior to recruitment into the study. The register contains valid information on all hospital-registered discharges in Denmark since 1977, as well as on outpatient activities and emergency ward services since 1995. 13 Fat distribution and mortality J Bigaard et al
Statistical methods
We evaluated the association between body composition described by the two indices (BFMI and FFMI) and sexspecific all-cause mortality, with and without waist circumference, on the basis of Cox's proportional-hazard models. Age was used as the time axis to ensure that the estimation procedure was based on comparisons of individuals at the same age, which optimizes control for potential confounding from differences in age. 14 Analyses were corrected for delayed entry, so that individuals were only considered at risk from the age at entry into the study cohort until age at death, emigration, disappearance, or 31 December 2001, whichever came first. Adjustment for smoking habits was made according to baseline information about smoking status, smoking duration, current tobacco consumption and time since smoking cessation. We made use of the continuous information about waist circumference, BFMI, and FFMI by linear splines, which were modeled as piecewise linear functions within intervals of the variable of interest and connected at joint points called knots. 15 The intervals were divided by the quintiles among deceased participants. The spline regression considers the variation of mortality risk within intervals as well as between intervals and the risk pattern is estimated as slopes of the linear curves within each interval. 15 Waist circumference, BFMI, and FFMI were simultaneously included in the model (mutually adjusted). Waist circumference was log-transformed, which previously has been shown to give a nice fit of the linear relation in the Cox regression model 8 and is reported as a 10% difference on the continuous scale for waist circumference. Time-on-study was modeled as a time-dependent linear spline, with knots at 1, 2, and 3 y, allowing the time effect to be nonlinear. Statistical analyses were performed separately for men and women due to differences in body size and body composition, and possibly sex-dependent effects. The linear splines of waist circumference, BFMI, and FFMI containing four knots were tested to see if they could be simplified to straight lines. Further, we investigated whether or not waist circumference and body composition (BFMI, FFMI) were more predictive of all-cause mortality than waist circumference and BMI in regression models.
We tested effect-modifications by age, time in the study, smoking, and hospital contacts. Age was tested regarding separate estimates in three 5-y age groups (50-54, 55-59, and 60 þ y); time since baseline regarding two time periods since baseline examination (o2 and Z2 y); smoking regarding separate estimates for ever smokers and for never smokers; and pre-existing diseases at baseline regarding separate estimates for participants who had 'no' hospital contact or 'one or more' contacts in the 5 y before recruitment into the study.
All significance tests and CI at the 95% level were based on Wald's test statistic for the corresponding regression parameters in the Cox regression models (ie on the log scale for the rate ratios (RR)). We used the SAS PHREG procedure (SAS Institute, version 8, Cary, NC, USA). Table 1 shows the baseline characteristics of the anthropometric and body-composition measurements among all participants. The medians, the 5th and 95th percentiles, and the ranges, are given for: weight, height, waist circumference, BMI, BFMI, and FFMI. The table shows that BFMI and FFMI sum to BMI. Table 2 shows characteristics of the smoking variables used to adjust for differences in smoking habits. During follow-up, 5.1% men (1007 out of 19 707) and 3.2% (525 out of 16 342) women were deceased among ever smokers. In never smokers, 2.1% (145 out of 6880) died among men and 1.4% (145 out of 12 845) among women.
Results
Between the initial visit at the study clinics and December 31 2001, 1851 deaths (1152 men and 699 women) occurred in the cohort. During follow-up, 213 participants (0.4%) emigrated, and three were lost to follow-up and could not be traced in Denmark. The median follow-up period was 5.8 y (1st and 99th percentiles: 4.6 and 7.8 y). Figure 1 (upper panels) shows the associations between BFMI and all-cause mortality among men and women when the two indices were mutually adjusted and adjusted for smoking habits. Associations between BFMI and all-cause mortality were J-shaped (upper panels, broken curves), such that the mortality RR increased for both low and high values Fat distribution and mortality J Bigaard et al of BFMI, but the slope of the curve was steepest for high values of BFMI. When the associations were adjusted for waist circumference (solid curves), the increased mortality risk related to the high ranges of BFMI was removed, and the inverse associations between the low range of BFMI and mortality were strengthened. Similar results were found in separate analyses of never smokers (results not shown).
The lower panels of Figure 1 show the associations between FFMI and all-cause mortality. Inverse associations were found. The mortality RR decreased with increasing values of FFMI, but the effects of FFMI; seemed to level off in the high range of FFMI. Adjustment for waist circumference (solid curves) had almost no influence on the associations.
The associations between body composition and mortality were nonlinear and could therefore, not be simplified to straight lines (men: P ¼ 0.0018; women: P ¼ 0.0001). Instead, we simplified the association with BFMI to one linear association below the 40th percentile of BFMI (low range) and another above (high range) (men: P ¼ 0.76; women: P ¼ 0.59), and the association with FFMI to one linear association below the 60th percentile (low range) and another above (high range) (men: P ¼ 0.70; women: P ¼ 0.44). Based on these simplified associations, Table 3 shows mortality RRs and matching CI for the (1) crude estimates, (2) after mutual adjustment, (3) further smoking adjustment, and (4) further adjustment for waist circumference. Mutual adjustment weakened the increased mortality associated with low values of BFMI and removed the associations for high values of FFMI in men and women. Smoking adjustment hardly influenced the associations. Adjustment for waist circumference eliminated the 2 among women. The vertical axis is logarithmic and data are illustrated from the 5th to the 95th percentile using sex-specific medians for body composition as the reference.
Fat distribution and mortality J Bigaard et al associations for high values of BFMI in men and women and strengthened the associations for low values of BFMI, whereas waist circumference had almost no influence on the associations between FFMI and mortality.
The association between waist circumference and mortality was simplified to a straight line (men: P ¼ 0.85; women: P ¼ 0.06), and Table 4 shows the mortality RR per 10% larger waist circumference. Whether waist circumference was adjusted for smoking habits and body composition (BFMI and FFMI), or smoking habits and BMI, a strong direct association was found with all-cause mortality. A regression model including body composition (BFMI and FFMI) and waist circumference was only slightly more predictive of allcause mortality than a model including waist circumference and BMI (men: P ¼ 0.09; women: P ¼ 0.02).
These findings were not influenced by effect-modification by age. BFMI, FFMI, and waist circumference showed similar associations within the three age groups (50-54, 55-59, and 60-65 y (men: P ¼ 0.43; women: P ¼ 0.89)). We found no effect-modification by time since baseline examination. BFMI and FFMI showed similar associations within two, selected time periods: first 2 y (early deaths) and 2 y and thereafter (later deaths, men: P ¼ 0.69; women: P ¼ 0.55). Finally, no effect-modification by smoking was found. Similar slopes of BFMI, FFMI, and waist circumference were found among ever and never smokers (men: P ¼ 0.60; women: P ¼ 0.52).
We evaluated effect-modification by disease history prior to recruitment into the study among two groups: one group characterized by 'no contacts' with hospitals or outpatient clinics 5 y before recruitment into the study, and one characterized by 'one or more contacts'. We found similar associations with BFMI and FFMI (men: P ¼ 0.06; women: P ¼ 0.32) within the two contact groups; there was no indication of different risk patterns among participants with 'no' or 'one or more' contacts.
Discussion
Waist circumference remained strongly associated with allcause mortality in men and women after adjustment for body composition (the mortality increased by increasing body fat mass). The associations between high values of Fat distribution and mortality J Bigaard et al BFMI and mortality approached null associations after adjustment for waist circumference, whereas the associations between FFMI and mortality hardly changed. The mortality RR for waist circumference was equally strong whether adjusted for body composition (BFMI and FFMI) or BMI.
There was no effect-modification by age in three groups: by time since baseline examination (early deaths or later deaths); by ever/never smoking; or by disease history (contacts/no contacts with hospitals). Caution should be taken when generalizing our findings. The study was limited to the age range of 50-64 y and a relatively short follow-up period of up to 8 y. Only one-third (35%) of the invited persons participated. According to ageand sex-specific death rates of the general Danish population, only one-half and one-third of the expected numbers of deaths among men and women, respectively, had occurred at the end of 1999. 16 This is probably due to the exclusion of subjects with previously diagnosed cancer and/ or an overall better level of health among the participants, a so-called 'healthy participant effect'. There seems, however, to be no reason to assume that the observed associations between fat distribution, body composition, and mortality cannot be extrapolated to nonparticipants. Various methods with different validity exist for measurement of body composition, the most accurate ones being too costly and time consuming for large-scale population studies. 17 Bioelectrical impedance measurement is an inexpensive, simple, and reasonably accurate technique for the assessment of fat and fat-free mass in epidemiological studies, 18, 19 but whether or not it is superior to measurements of height, weight, and waist circumference is controversial. [20] [21] [22] In the present study, a regression model considering body composition estimated from impedance measurements and waist circumference was only slightly more predictive of smoking-adjusted all-cause mortality than a model considering the simple measures, waist circumference and BMI. The question about the role of waist circumference in assessment of obesity has three aspects, each of which needs to be considered. First, the finding that the association between FFMI and mortality was unchanged by the adjustment for waist circumference was expected and confirms that the measurement of waist circumference is relevant only to the effects of body fat mass. A second aspect is whether waist circumference is just an indicator of total body fat or whether it does provide additional prognostic information about the fat distribution. A recent detailed study clearly supports that adding waist circumference to a model including BMI explains greater variance in size of the abdominal adiposity; 6 within each of three BMI categories an increment in waist circumference category was in particular associated with an increase in visceral fat. 6 A third aspect is the extent to which the waist circumference as a prognostic indicator explains the increased mortality associated with obesity.
The results of our former study of the association between waist circumference and mortality for given BMI and the association between BMI and mortality for given waist circumference indicated that waist circumference does capture the entire effect of high BMI (BMI Z25 kg/m 2 ) on mortality. 8 The present study supports that the waist circumference can be considered a prognostic indicator of the effect of total body fat on mortality. However, another study found no such effect. 23 It had longer follow-up, and body composition was estimated from total potassium, but it was a much smaller study (n ¼ 735) and it used less sensitive statistical methods. 15 Altogether these three aspects lead to the suggestion that most, if not all, health effects behind the increased mortality in obesity may be due to adverse effects of the abdominal or visceral fat deposits. However, to elucidate to what extent the association between waist circumference and mortality is related to the abdominal or visceral fat or to the nonabdominal fat would require data quantifying the respective fat deposits. The disentanglement of the mortality effects of the various fat deposits is further complicated by recent findings of an apparently beneficial effect of fat deposits in the gluteofemoral region as indicated by the hip circumference. 24, 25 Our results support the proposal to adopt measurement of waist circumference as a valuable tool in the assessment of health risk of obesity and overweight in public health and primary care. 2 ) may not be at increased mortality risk if they have a narrow waist circumference. However, it is important to emphasize that the study addresses only the effect of interindividual differences, which may not be transferred directly to intraindividual changes. 26 This has proven to be difficult for BMI. 27 Obviously, the long-term beneficial effects of reducing the waist circumference must be assessed in longitudinal studies with repeated measurements; thus, both observational studies pertinent to the general population and intervention trials pertinent to particular high-risk subsets of the population would be needed.
The inverse associations between low values of BFMI and all-cause mortality were somewhat strengthened by adjustment for waist circumference, which may support that a minimum level of (nonabdominal) body fat is needed to sustain life. 12 In conclusion, a large waist circumference is strongly associated with increased all-cause mortality in middle-aged men and women, and remains so when adjusted for body composition (BFMI, FFMI) or BMI. The mortality risk associated with obesity, indicated by high values of BFMI, was captured by the effect of waist circumference, probably because of the health risk associated with abdominal and perhaps visceral adiposity. The study supports the utility of waist circumference for given levels of BMI to predict health risk associated with overweight and obesity.
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